The mechanisms that regulate the expression of ferritin, the iron storage protein, have been investigated in Friend erythroleukemia cells (FLCs) induced to differentiate by several chemical compounds. In differentiating FLCs, administration of hemin increases the steady-state level of ferritin mRNA about 15-fold and the ferritin content about 20-to 25-fold. Conversely, iron salts have only mild stimulatory effects on these parameters and iron chelators only slightly inhibited the stimulatory effect of hemin. Transient transfection experiments with a construct in which the human ferritin Hchain promoter drives the expression of the indicator chloramphenicol acetyltransferase (CAT) gene show that the increase in mRNA content is mainly due to enhanced tran-HE REGULATION OF iron metabolism is an essential feature of living organisms, and the process that regulates iron uptake from the environment and the detoxification of iron excess must be well balanced at the systemic and cellular levels. The main molecules involved in iron metabolism are the transferrin receptor (TW), which mediates cellular iron uptake, and the iron-storage protein ferritin, which sequesters iron not immediately used for cellular metabolism. Cellular iron homeostasis is maintained by the coordinate regulation of the expression of these two proteins. Thus, in cells requiring more iron, the levels of TW increase, whereas the levels of intracellular ferritin decrease, and, conversely, when cells have adequate iron, the opposite occurs.
scription. In addition to transcriptional effects, translational regulation resulting in the further increase in ferritin synthesis is shown by CAT assays from cells transiently transfected with a construct containing the coding region for the indicator CAT mRNA under the translational control of the mRNA ferritin iron-responsive element. We conclude that, in FLCs induced to differentiate, hemin acts synergistically with the differentiation inducers, increasing ferritin expression. Both transcriptional and translational mechanisms are responsible for this synergistic effect, which appears to be characteristic of differentiated erythroid cells because it is not observed in other cell types (ie, fibroblastic cell lines). 0 1995 by The American Society of Hematology.
Friend leukemia cells (FLCs) provide an useful model for studies of erythroid differentiation at both the cellular and molecular level. They are erythroid precursors blocked in their differentiation pathway at the proerythroblastic stage and can be induced to differentiate by treatment with dimethylsulfoxide (Me'SO) and other chemical inducers such as hexamethylenbisacetamide (HMBA) . ' The mechanisms underlying the regulation of the expression of TfRs and fenitin have been extensively studied and are mostly exerted posttranscriptionally by specific mRNAprotein interactions between the iron-regulatory protein (IRP; also referred to as IRE-BP, PRP, or P 90) and ironresponsive elements (IRES) contained in the 5' untranslated region (UTR) of ferritin and the 3' UTR of TfR mRNAs, respectively.',8 An IRE motif was recently identified in a cap-proximal position of the 5' UTR of the erythroid-specific isoform of murine and human 5-aminolevulinate synthase (e-ALAS) mRNA.""' Depletion of extracellular iron sources represses ferritin synthesis; in contrast, a switch to an ironrich medium induces up to a 50-fold increase in femtin translation, apparently with little or no change in the level of mRNA.' The iron-dependent translatability of femtin mRNA is the consequence of the IRE sequence that lies near the cap site in the 5' UTR; iron inactivates the cytoplasmic IRP, which becomes unable to bind to the IRE, thus derepressing ferritin translation.
Although, in the majority of cell lines studied the regulation of ferritin expression is mediated through posttranscriptional mechanisms, we showed that in FLCs transcriptional control is a relevant mechanism for the regulation of ferritin expression by heme." Similarly, Coulson and Cleveland'* reported a transcription-dependent increase (5-to 6-fold) of femtin mRNA levels in Chinese hamster ovary cells exposed to hemin.
In this report, we analyze ferritin expression in FLCs induced to differentiate and show that Me,SO and HMBA per se have slight or no effect on the accumulation of ferritin mRNA and on ferritin synthesis. Conversely, when the inducers of differentiation are used in combination with hemin, a synergistic effect on ferritin synthesis is observed. The analysis of the mechanisms involved in this process indicates that in differentiating FLCs hemin induces ferritin H-chain expression by both a transcriptional mechanism, which re-
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sults in an increase in the levels of ferritin mRNA, and a translational mechanism, mediated by the IRE contained in the ferritin mRNA. These effects seem to be specific of erythroid cell differentiation because they were not observed in a fibroblastic cell line (ie, B6) under the same treatments.
MATERIALS AND METHODS
Cells and freatmenfs. FLC 745A cells were grown in RPM1 1640 supplemented with 5% fetal calf serum (FCS) and antibiotics.
F4-12B2 is a Tk-FLC clone (kindly provided by W. Ostertag)" grown in monolayers in minimal essential medium containing 10% FCS and antibiotics and was used for the transfection experiments. Bs cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% FCS and antibiotics. Cells were seeded at 5 X l@ cells/mL and treated for the indicated times with 1.5% Me2S0 (stock solution undiluted at room temperature; Merck, Darmstadt, Germany), 5 mmom HMBA (Sigma, St Louis, MO), hemin (Sigma), and femc ammonium citrate (FAC Sigma) at the indicated concentrations. Deferoxamine mesylate (Desferal; CIBA-Geigy, Geneva, Switzerland) was used at a final concentration of 100 pmoU L.
Hemin stock solution was prepared by dissolving the powder in 0.5 m o m NaOH followed by buffering at pH 7.4 with tris (hydroxymethyl) aminomethane. Concentration was evaluated spectrophotometrically at 409 nm in pyridine solution ( E = 0.163).
Cells were counted daily with a Coulter counter (Coulter Electronics, Luton, UK) or a hemocytometer. Cell mortality, which was evaluated using the trypan blue dye exclusion method, did not exceed 2%. The degree of differentiation was determined by evaluating the percentage of benzidine-positive (B+) cells according to Orkin et Transferrin binding assay. Transfenin binding to FLC was performed using [1Z51]-Tf (DuPont-NEN, Boston, MA) according to a method previously described?
Total RNA extracfion and analysis. FLCs (lo*) were treated as indicated and subsequently washed twice with phosphate-buffered saline, and total RNA was isolated by the guanidinium-cesium chloride method." RNA samples (10 pg) were analyzed after electrophoresis through denaturing agarose gels (1.2%) containing formaldehyde, transferred onto a Hybond-N nylon membrane (Amersham, Buckinghamshire, UK), and hybridized with random-primed "Plabeled (1.5 X 106 cpdmL) human L-and H-chain femtin cDNA (femtin minigene [Fer mg])I6 and glyceraldehyde 3'-phosphate dehydrogenase (GaPDH) cDNA probes. The hybridization conditions were as follows: 50 mmoYL sodium phosphate (pH 7.0)-50% formamide5x SSC (1 X SSC is 0.15 m o m NaCl plus 0.015 m o m sodium citrate), 4X Denhardt's solution-0.1% sodium dodecyl sulfate (SDS) and 200 pg of sonicated salmon sperm DNA per milliliter at 42°C for 20 hours. Filters were washed twice in lx SSC-0.1% SDS for 30 minutes at room temperature and twice in 0 . 1~ SSC-0.1% for 30 minutes at 42°C and then exposed to Fuji x-ray film (Fuji Film, Tokyo, Japan), using intensifying screens.
Rates of ferrifin biosynfhesis. Cells (2 X 10') were treated as indicated and resuspended in methionine-free medium supplemented with 5% (voVvol) dialyzed FCS and the indicated compounds. After 2 hours at 37"C, 100 pCi of [35S]-methionine per milliliter was added for 2 hours. Immunoprecipitation of femtin and analysis by SDSpolyacrylamide gel electrophoresis and autoradiography were performed as previously described.'' An LKB 2202 UltroScan XL laser microdensitomer (Pharmacia LKB Biotechnology, Uppsala, Sweden) was used to quantify individual polypeptide bands.
Evaluation of ferritin content. The level of femtin in the cellular extracts of FLCs was evaluated using Western blot, as previously described." Briefly, proteins (50 to 100 pg) from postmitocondrial a1.14 supernatant fraction were heated, electrophoresed on 10% SDS-polyacrylamide gel, and transferred onto nitrocellulose paper. Femtin subunits were then shown by using antiferritin antibody (Boehringer Mannheim, Mannheim, Germany) and then [1251]-labeled protein A (DuPont-NEN). An LKB 2202 UltroScan XL laser microdensitometer was used to quantify individual polypeptide bands. The values are expressed in arbitrary units.
Transfection of F4-1282 cells. Cells (2 X IO') were grown in 90-mm dishes for 18 hours. Culture medium was then replaced with 10 mL of fresh medium 4 hours before the addition of 20 pg of calcium phosphate-precipitated DNA." After 10 to 12 hours, the transfection medium was replaced by fresh medium; 4 to 6 hours later, cells were treated as described for 24 hours and then subjected to RNA extraction for RNase protection experiments or chloramphenicol acetyltransferase (CAT) enzymatic assay (see below). The L5 CATt9 and the L5 CAT (+26 mer)" constructs, a generous gift of M.W. Hentze (EMBL, Heidelberg, Germany), have been previously described. The pSVzzluczo construct was cotransfected and used as an internal control for transfection efficiency and for nonspecific effects of the treatments.
RNase protection experiments. Total RNA (30 pg) from transfected F4-12B2 cells was hybridized for 18 hours to the RNA probes (5 X l@ cpm) at 55°C in 25 pL of 80% formamide-0.4 m o m NaCl-40 mmoVL piperazine-N,Nf-bis(2-ethanesulfonic acid) (PIPES; pH 6.8)-l mmollL EDTA. Subsequently, samples were incubated with RNase A (40 pg/mL) and RNase TI (1 pg/mL) for 1 hour at 33°C and then subjected to proteinase K digestion, phenolchloroform extraction, and ethanol precipitation. Gel electrophoresis was performed on standard 8% polyacrylamide-8 m o m urea sequencing gels. The construction of the pCAT riboprobe has been previously described." To generate a 3zP-labeled 153-nt-long antisense RNA probe, the pCAT riboprobe was linearized with Sca I and transcribed by SP6 polymerase (Promega, Madison, WI).
CAT enzyme assay. Determination of total cytoplasmic CAT activity was performed as previously described" on equivalent fractions of cellular lysates. After autoradiography, the substrate and product spots were cut out and their radioactivity was determined in a 1500 TRI-CARB (Canberra Packard, Meriden, CT) liquid scintillation analyzer.
RESULTS
Stimulation of erythroid differentiation and modulation of T f l expression by Me2S0 and hemin. In FLCs, the administration of both MezSO and hemin is associated with an increase of globin mRNA, globin chain synthesis, and Hb a c c~m u l a t i o n ?~~~~ However, in contrast to MezSO treatment, after hemin addition cells do not show a limited proliferative capacity and do not become irreversibly committed to erythroid differentiation.% Cells treated with increasing amounts of hemin displayed up to 4 0 % of B' cells at day 4 of culture at maximal concentrations of hemin (75 pmoVL). As expected, MqSO treatment elicited the induction of a higher number of B+ cells up to greater than 95% (Table l) . The analysis of the binding of transferrin to its receptor indicates that the addition of hemin to undifferentiated or to Me2SO-induced FLCs resulted in differential effects (Table 1) . In fact, (1) in undifferentiated FLCs, hemin addition elicited a marked downmodulation of the Tf binding capacity, this phenomenon being apparent even with low hemin concentrations (5 pmoVL); (2) MezSO induced a significant enhancement of the level of Tf binding as compared with the values observed at corresponding days of culture in noninduced Induction qf ferritin mRNA by hemin in differentiating FLCs. In many cell types, iron is known to enhance the biosynthesis of ferritin without alteration of the steady-state level of ferritin mRNA.2s-27 However, we recently showed" that in FLCs, 100 pmoVL of hemin induces an increase between 5-and IO-fold for both H-and L-chain ferritin mRNA. We extended our observations here to the effect of hemin on ferritin H-chain expression in FLCs induced to differentiate by different compounds such as Me2S0 and HMBA. As shown in Fig 1, after 24 hours of incubation, Me2S0 and HMBA induce a very slight (2-fold) increase in ferritin H-chain mRNA accumulation, whereas hemin per se" induces a fivefold increase. When the inducers are used in combination with 100 pmol/L hemin, a maximal induction of ferritin mRNA is reached (10-to ls-fold, depending on the experiment; Fig 1A) . The same results were obtained after 48 to 72 hours of treatment (data not shown). The results were quantified by scanning of the autoradiograms from three separate experiments and the mean values 5 SE were expressed in arbitrary units after normalization with GaPDH (Fig 1B) . (Fig 1) and ferritin translation (Fig 2) . Dose-response experiments at day 3 of culture showed that maximum ferritin accumulation is achieved at hemin concentrations corresponding to 50 to 75 pmol/L (Fig 4) both in control and in Me,SO-treated FLCs. However, two differences observed between control and Me,SO-treated cells in response to hemin seem relevant: ( I ) in control but not in MezSO-treated cells, low hemin concentrations (5 to 10 pmol/L) induced a significant increase of ferritin content, and (2) at optimal hemin concentrations (50 to 75 ymol/L) Me,SO-treated cells showed a ferritin content significantly higher than that of control cells (Fig 4) .
This synergistic effect on ferritin synthesis exerted by hemin plus HMBA and/or Me2S0 is clearly linked to the process of erythroid differentiation occurring in FLCs. In fact, control experiments (Fig 3, lanes 9 through 12) indicate that in the fibroblastic cell line B6, which does not undergo erythroid differentiation, the combined treatment with
For of treatment, cells were harvested and both ferritin mRNA accumulation and ferritin biosynthesis were analyzed, respectively, by Northern blot and immunoprecipitation of metabolically labeled protein. As shown in Fig SA, the effect of hemin on both ferritin L-and H-chain mRNA accumulation is only marginally affected by desferal treatment. Moreover, in Me2S0 + hemin-treated cells, the effect of desferal is even weaker with respect to that observed in noninduced cells. In line with the mRNA data, the biosynthesis (Fig SB) of the protein is not significantly affected by the desferal treatment both in noninduced and in Me,SO-induced cells. These results are quantified in Table 2 for the ferritin Hchain mRNA and protein accumulation after, respectively, 24 and 48 hours of treatments.
In addition, we compared the effect of hemin and FAC as iron sources on ferritin accumulation. As shown in Table   A Effect of FAC rrnrl rlesfernl on ,ferritin expression in differenrirrting FLCs. To determine whether the stimulatory effects of hemin on ferritin expression could be attributed to the release of chelatable iron from hemin through heme oxygenase activity. cells that were noninduced or induced to differentiate by MezSO were treated with 50 ymollL hemin and coincubated with a molar excess (100 pmol/L) of desferal. After 24 (Fig S ) or 48 hours (data not shown) 5) , 100 pmoll L hemin (lanes 2 and 6). 1.5% MetSO (lanes 3 and 7) . and simultaneously with 1.5% Me,SO and 100 pmollL hemin (lanes 4 and 8) . These 2, in agreement with previous studies:8 FAC has only a slight effect on ferritin mRNA and protein accumulation (2-and 4-fold increase over the control value). In Me2SO-treated cells, instead, virtually no effect on ferritin mRNA stimulation and only a twofold increase in protein accumulation over the value obtained for noninduced FAC-treated cells is observed. These results are in keeping with previous results obtained in nondifferentiating FLCS".~' and further suggest that, in cells of erythroid origin such as FLCs, the effect of heme on ferritin accumulation could be mediated by a direct mechanism independent from iron delivery after cleavage by heme-oxigenase.
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Mechanisms underlying increase of ferritin synthesis in differentiating FLCs treated with hemin. Both transcripinvolved in the regulation of ferritin expression after iron administration. In FLCs, hemin addition does not affect the apparent half-life of ferritin mRNA; thus, the changes in steady-state levels of ferritin mRNA observed after hemin treatment are mainly due to enhanced transcription of the ferritin gene." To investigate if the synergistic effect of Me2S0 and hemin on ferritin mRNA accumulation in FLCs induced to differentiate is the consequence of an alteration in the rate of gene transcription, we analyzed the regulation of ferritin H-chain gene promoter in transfected FLCs. The F4-12B2 cells were transiently transfected with the 'construct L5 CAT,I9 in which the human ferritin H-chain promoter drives the expression of the indicator CAT gene (Fig 6) . After transfection, cells were treated with control medium, hemin, Me2S0, and Me2S0 plus hemin for 24 hours. RNA was extracted and analyzed by RNAse protection using a specific riboprobe for CAT mRNA. To control the transfection efficiency the plasmid pSV21uc2" was cotransfected and its expression was evaluated by RNase protection.
As shown in Fig 6, the expression of L5 CAT increases about threefold after hemin treatment. No modulation was observed after the treatment with Me2S0, whereas an increase of about fivefold was observed in transfected F4-12B2 grown in the presence of Me2S0 and hemin as measured by densitometric quantization of the bands. These results indicate that the stimulation of ferritin expression by hemin in cells induced to differentiate is at least in part mediated by the ferritin gene promoter region present in the L5 CAT construct.
The contribution of the IREnRP to the regulation of ferritin expression in FLCs was then investigated by CAT assay using a construct [L5 CAT (+26 mer)]" containing the IRE FERRITIN REGULATION IN ERYTHROID DIFFERENTIATION sequence between the ferritin promoter and the coding region for the indicator CAT protein (Fig 7C) . The IRE sequence confers iron-dependent translational regulation to indicator CAT transcript. After transfection, cells were treated with control medium, hemin, Me2S0, Me2S0 + hemin, and desferal (as an internal control) for 24 hours. Proteins were extracted and the enzymatic activity of CAT expression was analyzed as indicated in the Materials and Methods. In It is important to note that the nature of the CAT assay allows us to determine only the total enzyme pool; therefore, the regulatory effect of hemin on the biosynthetic rate of the enzyme is likely to be underestimated and cannot be directly compared with the range of regulation of the biosynthesis of ferritin as previously observed and discussed in the case of iron perturbation."."
These results show that the 161-bp region of the ferritin H-chain gene promoter, contained in the L5 CAT construct, is sufficient to induce the expression of the CAT indicator gene after hemin treatment and contributes to the additional accumulation of ferritin mRNA after hemin. addition in Me2SO-treated cells. Furthermore, a clear effect of the IRE region of ferritin mRNA has also been observed accounting for a translational mechanism of quick use of iron during the differentiation process.
DISCUSSION
We analyze here the regulation of ferritin expression by heme in differentiating FLCs.
Ferritin is an housekeeping protein whose major roles are those of iron storage and iron ~equestration.~' Cells need to sequester iron, both to conserve supplies for iron-requiring proteins and to protect against potentially harmful oxidative effects of the poorly soluble free intracellular iron. Besides these tasks, it has been shown in a variety of systems that cytosolic ferritin can serve as an intermediate pool of iron for heme synthesis.'x.'9 In particular, in human reticulocytes it has been shown that cytosolic ferritin serves as an obligatory intermediate in iron transport?"
The biosynthetic rates and the cellular content of ferritin are regulated translationally according to the iron status of the cell via regulatory RNA structures called IRES, which function as binding sites for high-affinity interactions with the cytosolic protein IRP. As cellular iron availability decreases, IRP binds to the IRE, inhibits translation of ferritin mRNA, and stabilizes TfR mRNA. Conversely, when cells accumulate large amounts of iron, they reduce the number of TfR and increase ferritin mRNA translation.' This mechanism may be especially relevant for cellular physiology; however, it has been shown that in some specialized cells, such as macrophages that are physiologically involved in iron storage' and FLCs undergoing erythroid differentiation,6." heme triggers an upregulation of TfR and ferritin expression.
In the present report, we show that administration of heme to FLCs induced to differentiate by MezSO or HMBA leads to a 15-fold accumulation of H-chain ferritin mRNA and strongly enhances ferritin translation in the cytoplasm (20-to 25-fold). Similarly, TfRs are upregulated after these treatments. The stimulatory effect of hemin on ferritin H mRNA expression does not seem to be related to the iron-donating capacity of heme, as suggested by two experimental evidences: (1) iron salts have only a slight stimulatory effect on ferritin H mRNA levels; and (2) iron chelators added together with hemin only moderately inhibit the effect of heme on femtin H expression. We have already shown that the increase in ferritin mRNA content after heme administration in nondifferentiating FLCs is due to enhanced transcrip- tion of the H-chain ferritin gene.'' Using the construct L5 CAT, we were able to detect a synergistic effect between Me's0 and hemin on the transcription of the ferritin H gene. By using a computer program for sequence-specific transcription factors, we analyzed the 161-bp region of ferritin promoter contained in L5 CAT. Besides several consensus motifs for the housekeeping transcription factors Spl and CTFNFI, previously described in the ferritin promoter:' two consensus sequences for a nuclear factor that binds selectively to the 5' flanking region of the chicken adult /?-globin (/?*-globin) gene4' were found. This erythroid-specific transcription factor could be involved in the coordinated regulation of globin and ferritin gene expression. Recent studies have shown that chicken H ferritin promoter4? as well as the murine H ferritin enhancer-possesses a consensus site for the binding of NF-E2 erythroid transcription factors. Although the role, if any, of NF-E2 in iron metabolism has to be yet defined, these observations support the concept that in erythroid cells there is a coordinate control of globin, heme synthesis, and iron uptake.
Regarding ferritin translation, the effect of heme on ferritin accumulation is much more pronounced in differentiating FLCs compared with undifferentiated FLCs. The increased translation of the IRE-containing CAT mRNA after the combined Me's0 and hemin treatment of FLCs suggests that this phenomenon is mediated by the IRE portion of ferritin For personal use only. on October 27, 2017. by guest www.bloodjournal.org From For personal use only. on October 27, 2017. by guest www.bloodjournal.org From mRNA. Thus, administration of heme to differentiating FLCs coordinately induces the expression of ferritin H first at the transcriptional level and then at the translational level. The translational changes follow very rapid induction kinetics and may account for the increasing necessity for iron by cells that are rapidly synthesizing hemoglobin. In this respect, ferritin might have a direct positive effect on globin gene transcription, as recently ~uggested:~ or it might play a role as iron facilitating the availability of iron for heme synthesis.
The translational regulation of ferritin biosynthesis has been clearly shown in a variety of in vivo and in vitro systems as mediated by interaction between the I R E and the IRP. The same elements modulate the stabilization of TfR mRNA in opposite ways.
The picture observed in differentiating FLCs is particularly intriguing. In fact, in this cellular system, an increase in heme availability leads to an increase in femtin synthesis without the corresponding downregulation of TW binding. It has been already reported that, in differentiated murine erythroleukemia cells, ferritin mRNA translation in the presence of desferal appears to be considerably less repressed,46 whereas the increase in the TfR mRNA level is not observed under the same experimental condition^.^^ These observations are fully consistent with our results and raise the question of whether additional andor different molecular mechanisms regulate the coordinate TW and femtin expression in differentiated erythroid cells. In fact, although it has already been shown that IRE/IRP interaction is necessary and sufficient for translational regulation of femtin ~R N A s , " .~* -~~ other elements in addition to the IRES are required for regulation of the TfR mRNA." Moreover, a recent study showed that erythroid cells exhibit very high levels of TfR transcription as compared with other cell typess2
We conclude that, in differentiating FLCs, heme acts synergistically with differentiation inducers in stimulating femtin expression by transcriptional and posttranscriptional mechanisms. The concomitant upregulation of TfRs by heme indicates a coordinated upmodulation of Hb synthesis, iron uptake, and intracellular iron localization and use. These results further suggest the involvement in these mechanisms of unknown regulatory factors specific for a few specialized cells such as those of erythroid origin.
